Central nervous system diseases are among the most disabling in the world. Neuroprotection and brain recovery from either acute or chronic neurodegeneration still represent a challenge in neurology and neurorehabilitation as pharmacology treatments are often insufficiently effective. Conditioning the central nervous system has been proposed as a potential non-pharmacological neuro-therapeutic. Conditioning refers to a procedure by which a potentially deleterious stimulus is applied near to but below the threshold of damage to the organism to increase resistance to the same or even different noxious stimuli given above the threshold of damage. Hypoxic conditioning has been investigated in several cellular and preclinical models and is now recognized as inducing endogenous mechanisms of neuroprotection. Ischemic, traumatic, or chronic neurodegenerative diseases can benefit from hypoxic conditioning strategies aiming at preventing the deleterious consequences or reducing the severity of the pathological condition (preconditioning) or aiming at inducing neuroplasticity and recovery (postconditioning) following central nervous system injury. Hypoxic conditioning can consist in single (sustained) or cyclical (intermittent, interspersed by short period of normoxia) hypoxia stimuli which duration range from few minutes to several hours and that can be repeated over several days or weeks. This mini-review addresses the existing evidence regarding the use of hypoxic conditioning as a potential innovating neuro-therapeutic modality to induce neuroprotection, neuroplasticity and brain recovery. This mini-review also emphasizes issues which remain to be clarified and future researches to be performed in the field.
Impact statement
Neuroprotection and brain recovery from either acute or chronic neurodegeneration still represent a challenge in neurology and neurorehabilitation. Hypoxic conditioning may represent a harmless and efficient non-pharmacological new therapeutic modality in the field of neuroprotection and neuroplasticity, as supported by many preclinical data. Animal studies provide clear evidence for neuroprotection and neuroplasticity induced by hypoxic conditioning in several models of neurological disorders. These studies show improved functional outcomes when hypoxic conditioning is applied and provides important information to translate this intervention to clinical practice. Some studies in humans provide encouraging data regarding the tolerance and therapeutic effects of hypoxic conditioning strategies. The main issues to address in future research include the definition of the appropriate hypoxic dose and pattern of exposure, the determination of relevant physiological biomarkers to assess the effects of the treatment and the evaluation of combined strategies involving hypoxic conditioning and other pharmacological or non-pharmacological treatments.
Introduction
Central nervous system (CNS) diseases are among the most disabling in the world, as they induce a broad range of chronic deficiencies, encompassing motor, sensitive, cognitive, or speech impairments. The functional and social consequences of these pathologies significantly impact the quality of life of the patients. Neuroprotection and brain recovery from either acute brain injury (i.e. stroke) or chronic neurodegeneration (i.e. dementia) still represent a challenge in neurology and neurorehabilitation as pharmacology treatments are often insufficiently effective.
It is now well established that conditioning the central nervous system can trigger endogenous mechanisms of neuroprotection. Conditioning refers to a procedure by which a potentially deleterious stimulus is applied near to but below the threshold of damage to the organism. [1] [2] [3] As mechanisms of cell injury, death and repair overlap, inducing endogenous resistance or tolerance to injury or promoting recovery can be induced by several distinct stimuli 4 including ischemia, hypothermia, pharmacological agents or hypoxia. 2 Preconditioning is defined as the exposure of a system or an organ to the conditioning stimulus before injury onset, to induce tolerance or resistance to the subsequent injury. Postconditioning refers to the application of the conditioning stimulus after injury or damage, to stimulate tissue reparation or neuroplasticity.
The first experimentations of hypoxic preconditioning targeting the brain were performed in the early 60 s. Dahl et al. 5 showed that pre-exposure to hypoxia could prolong anoxic survival by preserving brain metabolism. In a study done by Schurr et al., 6 rat hippocampal slices were exposed to a short 5-min anoxia period; 30 min thereafter, the slices were challenged by a longer period of anoxia (10 min). They found that electrical activity was maintained in these slices as opposed to slices without the 5-min anoxia pre-exposure. Although these in vitro data obtained on hippocampal slices suggest that brain tissue could increase its resistance to anoxia, this kind of anoxic stimulus can induce permanent damage and represent a potentially lethal stimulus in vivo for the tissue. Since these seminal experimentations, different modalities of exposure to the hypoxic stimulus have been tested. Sustained hypoxic conditioning refers to exposure to a constant level of hypoxia (for one or several hours for instance), whereas intermittent hypoxic conditioning (IHC) corresponds to cyclical exposure to alternating bouts of hypoxia and normoxia, which duration ranges from a few seconds to several minutes each. Hypoxic conditioning (HC) sessions (either sustained or intermittent) can be repeated over several days or weeks to extend the neuroprotection period. 2 The HC stimulus can be either normobaric (by inhaling a gas mixture with reduced dioxygen fraction, i.e. reduced FiO 2 ) or hypobaric (by reducing the atmospheric pressure within specific hypobaric chamber, i.e. simulated altitude).
In this mini-review, the preclinical biochemical and genomic aspects of HC targeting the CNS and their link with brain morphological and functional changes will be first briefly presented and discussed, the reader being referred to previous recent reviews for more detailed information regarding the mechanisms of hypoxic conditioning. [7] [8] [9] Then, the available clinical data in the field will be specifically highlighted, as a continuum to preclinical data, to address the current evidences for clinical application of HC in patients. From an anatomical and functional point of view, this review will distinguish the effect of HC on the brain and on the brainstem and spinal cord apart. Perspectives for future research in the field will also be highlighted, especially to confirm the clinical applicability of HC strategies for neurological diseases.
Mechanisms of neuroprotection and plasticity induced by hypoxic conditioning: from genomic reprograming to system adaptations
While hypoxia is well recognized as a common underlying mechanism of many pathological conditions, experimental data indicate that exposure to specific doses of hypoxia can trigger endogenous mechanisms of neuroprotection and neuroplasticity in the CNS. 1, 2, 4, 7, 10 The biochemical and genomic mechanisms of cerebral tolerance and resistance induced by HC have been recently reviewed either for hypoxic preconditioning 7,8 or postconditioning. 9 A decrease in oxygen supply to the CNS represents the central and key trigger of the mechanisms of adaptation to hypoxia, which are sequentially organized in two distinct phases, depending on their delay of onset regarding exposure to the hypoxic stimulus. The first phase or immediate phase of adaptation to hypoxia occurs within the first few minutes to a few hours following the exposure to hypoxia. This phase results in a neuroprotective state that lasts for a short duration. 7, 8 The mechanisms underlying this transient neuroprotective state are alterations in ion channel permeability, protein phosphorylation and post-translational modifications. 8 Of note, this phase is mainly characterized by an elevation of the intracellular content and stabilization of the transcription factor hypoxia-inducible factor 1 (HIF-1), and more precisely its a-subunit (HIF-1a). 7, 11 HIF-1a is thus considered as a key regulator of cellular oxygen homeostasis and plays a pivotal role in the occurrence and triggering of the second phase (long term) adaptation to hypoxia through its targeted proadaptive genes. 7, 12, 13 The second phase or delayed HC phase requires gene activation and de novo protein synthesis and occurs after a few hours to days following exposure to the hypoxic stimulus. 7, 8 At this phase, neuroprotection occurs as a result of an inhibition of injury mechanisms and an increase in mechanisms underlying survival and repair. 14 The outbreak of this phase is driven by third messengers either inducible (c-Fos, NGFI-A, HIF-1) or ubiquitous (pCREB, NF-kB) acting as transcription factors and implied in the regulation of genome transcription. 15, 16 The targeted genes are neurotrophins (and mostly the brain-derived neurotrophic factor BDNF), mitochondrial and cytosolic antioxydant enzymes, antiapoptotic factors, erythropoietin (EPO, which has direct neuroprotective effects) and through the up-regulation of the vascular endothelial growth factor (VEGF, implied in neurovascular remodeling). 7, 9 The precise mechanisms of HC remain not fully understood and some questions remain unresolved, such as the adequate timing of appliance before or after injury onset, and also the optimal hypoxic regimen (dose, sustained/ intermittent hypoxia, number of sessions) limiting their applicability and translation from bench to bedside. Moreover, inducing a prolonged state of protection (i.e. beyond the acute protection phase, which occurs immediately following the exposure to the hypoxic stimulus and lasts for some hours or days) is a major concern in HC strategies.
Hypoxic conditioning for brain or spinal cord injuries: lessons from animal models
Preconditioning the brain to focal ischemia Whether hypoxic preconditioning could achieve neuroprotection to subsequent ischemia and could prevent at least partly structural and functional damages have been studied in rodent models of stroke. Miller et al. 17 by exposing adult mice to sustained hypoxia (2 h, FiO 2 ¼ 11%) 48 h before a focal ischemia induced by a transient 90-min period of middle cerebral artery occlusion showed that infarct volume was reduced in animals subjected to hypoxia compared to controls (2 h normoxia, FiO 2 ¼ 21%). These results suggest a structural neuroprotective effect of sustained hypoxic preconditioning. Bernaudin et al. 18 exposed mice either to sustained normobaric hypoxia for different durations (1 h, 3 h or 6 h, FiO 2 ¼ 8 %) or normoxia 24 h or 72 h before a focal permanent ischemia. A significantly reduced infarct volume was found (À31%, P < 0.01) compared to the normoxia group when conditioning was performed for a 6-h duration, 24 h before injury. Difference did not reach significance when preconditioning was performed 72 h before injury. This study provided two important findings: (i) 1 h of exposure to a hypoxic stimulus seems to be sufficient to induce tolerance, as no improvement in neuroprotection with an extended exposure to hypoxia (3 or 6 h) was shown and (ii) the delay between exposure to the conditioning stimulus and the occurrence of the subsequent injury is a determining factor, as the neuroprotective effects observed 24 h following exposure to the conditioning stimulus disappeared after a 72-h delay. Interestingly, HC induced an increase in HIF-1a transcription factor expression compared to control animals. This increase started as early as 1 h after the beginning of HC, was maximal at 3 h and maintained after 6 h of hypoxia. Although reduced following reoxygenation, HIF-1a transcription factor expression increase lasted up to 24 h after exposition to hypoxia. In this study, mRNA levels of erythropoietin (EPO) and vascular endothelial growth factor (VEGF), two targeted genes of HIF-1a, were also increased compared to controls until 6 h of hypoxia but decreased or disappeared after 12 or 24 h of reoxygenation, whereas protein levels of EPO and VEGF were still elevated 24 h after reoxygenation. EPO is well recognized as a potent protective agent against ischemic injury since its binding to EPO receptors activates numerous protective signaling pathways such as Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) pathway, the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway and the MAPK pathway, all known to confer cytoprotection and neuroprotection against ischemic injury in vitro 19 and in vivo. 20 VEGF has also proved in vivo and in vitro protective effects against cerebral ischemia due to its angiogenic effect (endothelial cell mitogen, vascular growth and permeability factor) and a direct neuronal action through neurotrophic effects, such as axonal outgrowth and cell survival. 21 Taken together, these results show that sustained hypoxic preconditioning can induce structural neuroprotection in the adult mice brain against either transient or permanent focal ischemia, even with only 1 h of preconditioning. This neuroprotection seems induced by modifications in gene expression patterns which then result in de novo protein synthesis. Interestingly, hypoxic conditioning induced changes in protein levels which persisted longer than changes in mRNA levels, suggesting the involvement of mechanisms in addition to changes in gene expression, such as epigenetic adaptations to HC. 22 However, neuroprotection was not maintained over time following this type of preconditioning as the effect vanished 72 h after exposure.
As a single sustained hypoxic preconditioning session does not trigger a sustained state of protection, recent studies have been investigating the protective effects of repeated exposures to normobaric hypoxia. Hence, Lin et al. 23 exposed female rats either to repeated hypobaric hypoxia (two to four weeks, 15 h/day, barometric pressure of 380 mmHg corresponding to an altitude of 5800 m) or normoxia. Two weeks of preconditioning induced a significant reduction of infarct volume following a transient ischemic occlusion of the right middle cerebral artery and bilateral common carotid arteries. Four weeks of preconditioning potentiated these effects, suggesting a durationdependent effect of preconditioning. However, the neuroprotective effect of a four-week preconditioning period was limited in time: if the protection was still effective after one week, the effect was abolished three weeks after cessation of hypoxic preconditioning. This reduction in infarct size was paralleled by limited elevation in lipid peroxidation, a biological marker of free radicals' cell injury. The authors suggested that the reduced lipid peroxidation was a result of a combination of a reduction in free radical formation and an enhancement of antioxydative systems. Pursuing the search for the optimal dose of hypoxia able to induce a sustained state of neuroprotection, Stowe et al. 24 showed that HC by repeated hypoxia exposures (nine sessions over two weeks, 2 or 4 h, FiO 2 ¼ 8 or 11%) protects against transient focal stroke for eight weeks after the end of the HC intervention, together with reduced post-ischemic inflammation. A series of daily repetitive HC stimuli (12 days, 2 h, FiO 2 ¼ 8 or 11%) can induce neuroprotection in the retina that lasts up to four weeks. 25 Repetitive HC may therefore be an attractive option to induce a prolonged state of neuroprotection. This seems to be achieved through a change in inflammatory phenotypes, a reduced oxidative stress and an enhancement of antioxydative factors. As hypoxic exposure duration and severity vary between studies, the optimal dose of hypoxia to induce a prolonged state of neuroprotection remains to be determined.
Following brain ischemia: Hypoxic postconditioning induced neuroplasticity
As stroke is an unpredictable event, translating hypoxic preconditioning to clinical practice seems difficult. However, and as stroke is the most disabling medical condition in western countries, developing postconditioning strategies to enhance brain recovery and neuroplasticity is of clinical relevance. One of the potential mechanisms underpinning neuroplasticity induced by hypoxic postconditioning is an increased neurogenesis. Hypoxic postconditioning (two weeks, 4 h a day, hypobaric hypoxia with a simulated altitude of 3000 m and 5000 m) increased neurogenesis in the subventricular zone and dentate gyrus of adult rats, compared to controls exposed to normoxia for the same duration. 26 Interestingly, in a rat model of ischemic stroke, hypoxic postconditioning for seven days with moderately reduced inspiratory oxygen fraction (FIO 2 ¼ 12%, 4 h per day) has been shown to enhance hippocampal neurogenesis and to reverse spatial learning and memory deficiencies induced by stroke. 27 These changes were paralleled by an increased in cFOS, a transcription factor implicated in memory formation. The increased cFOS expression along with changes in neurogenesis seemed to have been mediated by the phosphorylated mitogen-activated protein kinase (pMAPK), a second messenger implicated in learning and memory, activated by an overexpression of HIF-1a in response to hypoxic exposure. These results were supported by a recent study 28 where 20 mice were randomized, following a three-vessel occlusion-induced brain ischemia, either to a hypoxia group (n ¼ 10, seven days, 4 h a day, hypobaric hypoxia with a simulated altitude of 5000 m) or a normoxia group (n ¼ 10). Mice exposed to hypoxia showed an enhancement of cognitive functional recovery, in association with an increase of neuronal salvage. Interestingly, and in accordance with the results of preconditioning studies, 24 the authors suggested that IHC can accelerate cognitive function recovery by attenuating neuro-inflammation. Thus, lower levels of the inducible isoform of nitric oxide synthase (iNOS), an inflammation factor, were found in the hypoxia group in the border between infarct and normal tissues of the hippocampus. 28 Along with changes in the expression of transcription factors and reduced inflammation, the structural and functional effects of hypoxic postconditioning are underpinned by changes in the expression of neurotrophic factors. In rodents, intermittent hypoxic postconditioning (seven days, 4 h a day, FIO 2 ¼ 12%), initiated seven days after transient mild cerebral artery occlusion significantly improved functional outcomes regarding spatial learning and memory. 29 This was associated with hippocampal neurogenesis and synaptogenesis through an increased BDNF expression and the BDNF/ PI3K/AKT pathway. Finally, and as for preconditioning, EPO has been shown to play a pivotal role in the cerebral infarct size reduction provided by chronic intermittent hypoxia postconditioning in mice. 30 Hypoxic conditioning to prevent brain functional alterations and chronic neurodegeneration If acute neurodegeneration induced by brain ischemia is the most studied model in the field of hypoxic conditioning, other studies have focused on the benefits of HC in rodent models of chronic neurodegeneration, psychiatric disease or seizures.
In an experimental rat model of Alzheimer disease, repeated HC (14 days, 4 h per day, simulated altitude of 4000 m) protected cognitive functions by blocking memory degradation assessed 14 days after b-amyloid injection. 31 The authors reported that the slowing of memory degradation could be achieved by limited increase in oxidative stress, restricted overproduction of brain nitrite oxide and the absence of injured neurons with pathomorphological changes or dead neurons. If hypoxic conditioning can protect the brain from chronic neurodegeneration, it could also be efficient against psychiatric disease such as depression 32, 33 or post-stress depressive episodes. 34, 35 The effect of hypoxic conditioning in epilepsy, a chronic brain dysfunction disease, has also been tested. In a rat model of Kainic acid-induced seizures, either hypoxic pre-(three days, 90 min a day, FIO 2 ¼ 9%) or postconditioning (three days, 90 min a day, FIO 2 ¼ 9%) was efficient in reducing the number of apoptotic hippocampal cells and in improving cognitive function. 36 Interestingly, the combination of preand postconditioning was more protective than either preor postconditioning alone.
Hence, in addition to acute neurodegeneration induced by ischemic stroke, HC seems to be efficient in inducing neuroprotection in several chronic cerebral pathologies encompassing dementia, psychiatric diseases or seizures. Although HC appears to be a promising nonpharmacological intervention to prevent or treat chronic neurodegeneration, further preclinical studies are required to confirm these preliminary data and to extend our understanding of the neuroprotection mechanisms triggered by HC in the context of chronic cerebral pathologies.
Hypoxic conditioning in animal models of brainstem and spinal cord injuries
The most studied model of HC in brainstem and spinal cord is spinal cord injury (SCI). IHC (7 days, 10 cycles per day of 5 min hypoxia (FIO 2 ¼ 10.5%) -5 min normoxia (FIO 2 ¼ 21%)) initiated seven days after a spinal cord hemisection (level C2) improved respiratory motor function (assessed seven days after the hypoxic conditioning intervention) and forelimb motor function (assessed four weeks after the intervention). These improvements in respiratory motor function were achieved through neuroplasticity in uninjured cross-phrenic pathways along with neurochemical changes in motor nuclei (increased levels of BDNF and TrkB). The same neuroplasticity was found for nonrespiratory motor pathways. 37 Interestingly, the authors also reported safety outcomes, with no hippocampal injury in the mice subjected to daily IHC. Results regarding forelimb motor function improvement are contrasting since another study reported that task-specific training in addition to HC may be required to improve motor function in spinal cord injured rats, introducing the concept of combined therapy. 38 This could be the condition to induce non-respiratory motor plasticity in SCI and provides important information for potential clinical applications.
If the precise mechanisms implied in spinal cord plasticity following exposure to intermittent hypoxia remain to be determined, 39, 40 these preclinical results are encouraging and support their translation in clinical studies to induce respiratory and motor plasticity in humans.
Brain hypoxic conditioning in humans Stroke
In humans, remarkable clinical data support the ability of HC to enhance brain tolerance to subsequent ischemia (preconditioning), while evidences in favor of brain postconditioning to enhance recovery following stroke are scarce (Figure 1) . When considering the potential relevance of repetitive exposure to hypoxia in order to promote endogenous neuroprotection, the clinical model of transient ischemic attacks (TIAs) is of particular interest. Induced by a transient, reversible disruption of cerebral blood flow, TIAs are defined as a brief, transient episode of neurologic dysfunction caused by focal ischemia without acute infarction. 41 Although TIAs are now considered as a risk factor for a subsequent stroke, 41 converging data suggest their role in preconditioning the brain to subsequent infarction. 3 TIAs occurrence may lessen brain injury and enhance recovery following a constituted stroke [42] [43] [44] [45] [46] [47] and improve thrombolysis efficacy by promoting faster recanalization. 44, 46 Despite some discrepancies, [48] [49] [50] these findings suggest an endogenous ischemic neuroprotective preconditioning effect triggered by TIAs. Neuroprotection induced by TIAs is time-dependent (TIAs must be recent, i.e. must occur within a week before stroke onset), duration dependent (TIAs must be brief, < 20 min) and must occur repeatedly over time, to some extent ( 2-3 episodes). 3 Moreover, this preconditioning effect seems to be age-dependent as TIAs do not induce protection in the elderly brain (!65 years). Again, this clinical model of ischemic preconditioning illustrates that neuroprotection mainly relies on TIA regimen, in other words, that conditioning is a matter of dose.
As previously emphasized, the unpredictable nature of stroke restrains the clinical applicability of hypoxic preconditioning. However, identifying populations at risk of stroke could be helpful to develop and implement hypoxic preconditioning strategies. The efficiency of remote ischemic conditioning (consisting in brief ischemic episodes induced in the lower or upper limb by cyclic cuff inflation and deflation) in the prevention of stroke recurrence in patients with symptomatic intracranial arterial stenosis has been tested with supportive results. 51, 52 Postconditioning might be a useful paradigm in a rehabilitative perspective but remains to be evaluated in humans. Results of remote ischemic postconditioning in patients at an acute phase of ischemic stroke, alone or as an adjunct therapy to conventional fibrinolysis, are encouraging. 53 Since HC seems to be harmless and relatively easy to implement at bedside, it may represent a promising adjunct therapy in stroke patients.
Alzheimer and dementia
The effect of HC in the field of cognitive performances has also been explored in healthy older individuals. In a recent randomized controlled trial, 54 34 retired healthy subjects (60-70 years) not physically active and cognitively preserved (MMSE > 27/30), were assigned either to a normoxic group (control group, n ¼ 17, SpO 2 ¼ 94-98%) or to a HC group (n ¼ 17, cycles of 10 min hypoxia -5 min of normoxia for 1 h per session, FiO 2 in hypoxia was adjusted to reach a SpO 2 ¼ 90% the first two weeks, 85% the third week and 80% in the last three weeks). Both groups performed three 1-h sessions per week for six weeks; 30 min strength-endurance training followed each normoxic/hypoxic session. Combining IHC and exercise training enhanced cognitive performance and quality of life to a greater extent than exercise training alone. 54 Based on the promising results in animal models of Alzheimer's disease submitted to HC, 31 further research is needed to evaluate the effect of HC strategies in neurological conditions and its potential to become a preventive or therapeutic tool for these diseases (Figure 1) . As physical activity, by triggering beneficial neurovascular adaptations 55 and modifying vascular risk factors, HC may be an attractive therapeutic strategy to prevent or slow down brain ageing. 56 
Hypoxic conditioning in humans with SCI
While HC has not yet been tested in the field of ischemic brain injury, several studies have evaluated its potential interest for SCI ( Figure 1 ). The benefits of IHC have been previously reviewed from a rehabilitative point of view. 57 In SCI, IHC elicits plasticity in the spinal cord and strengthen spared synaptic pathways leading to motor and functional recovery in two main motor domains: respiratory motor function and limb motor function.
Respiratory function and respiratory motor plasticity
In cervical SCI, patients can suffer from impaired respiratory motor function. As mentioned above in animal models, IHC could promote recovery of respiratory motor function by promoting ventilatory long-term facilitation. In a controlled trial, 8 individuals with either cervical (n ¼ 6) or thoracic (n ¼ 2) incomplete SCI were exposed to intermittent hypoxia (eight cycles of 2-min hypoxia (FiO 2 ¼ 8%) -2-min normoxia (FiO 2 ¼ 21%)) for 10 consecutive days, with controlled end-tidal CO 2 level (2 mmHg above resting values). 58 A subset of four participants received sham exposure (room air). After each single hypoxic conditioning session, an increase in minute ventilation for 30 min was observed, whereas no change was observed following sham exposure to room air. These results occurred within the first two days of HC and persisted throughout the 10 days of the intervention. The ventilatory long-term facilitation remained present up to 10 days after the intervention in some (n ¼ 2) but not all participants.
Motor function
In a randomized controlled double blind crossover trial, 59 13 incomplete SCI subjects performed a single IHC session consisting in 15 cycles of 60-90 s hypoxia (FiO 2 ¼ 9) and 60 s of normoxia (FiO 2 ¼ 21%). The hypoxic conditioning session was compared to a session in which subjects received sham exposure (i.e. room air). Changes in maximum isometric ankle plantar flexor torque generation were significantly increased by 82 AE 33% immediately after the HC session and were maintained above baseline for more than 90 min, while no change from baseline was observed following the sham session. Increased ankle plantar flexor electromyogram activity was correlated with increased torque (r 2 ¼ 0.5, P < 0.001). Muscle strength stayed elevated in some participants for more than 4 h, suggesting that even a single session of HC could promote long-lasting effect, offering the opportunity to implement combined therapy in a rehabilitative perspective. This type of combined intervention has been tested by coupling IHC and gait training. Hayes et al., 60 in a randomized, double blind, placebo-controlled, crossover study, exposed 19 participants with chronic incomplete SCI to either 15 cycles of 90-s hypoxia (FiO 2 ¼ 9%) -60-s normoxia (FiO 2 ¼ 21%) or to a sham normoxic exposure (FiO 2 ¼ 21%), on five consecutive days, alone or combined with 30 min of over-ground walking 1 h later. In this study, IHC improved both walking speed and endurance, and the impact of HC was enhanced when combined with walking. 60 Combined therapy has been further investigated in recent studies. In a randomized, controlled study, incomplete SCI patients (American Spinal Injury Association (ASIA) impairment scale C (less than half of key muscle functions below the single neurological level of injury have a muscle grade ! 3) and D (at least half of key muscle functions below the single neurological level of injury having a muscle grade ! 3)) were submitted either to IHC (sessions of 15 cycles of 1.5 min hypoxia (FiO 2 ¼ 9%) -1.5 min normoxia (FiO 2 ¼ 21%)) or continuous normoxia (FiO 2 ¼ 21%, placebo) for five consecutive days, then three sessions per week during three weeks, over the same duration. Both groups benefitted of 45 min body-weight supported gait treadmill training during the five first days of conditioning. Five days of combined therapy increased gait speed and endurance in the HC group, but not timed up and go performance. These improved performances were maintained (gait speed) or enhanced (gait endurance) during the following three weeks of IHC, and up to two weeks after the end of the intervention. 61 These results support both the major effect of combined therapy in improving locomotor function and the ability of repeated exposures to intermittent hypoxia to improve the recovery of locomotor function, providing proof of concept for IHC as a novel rehabilitative tool. The same protocol of combined HC improved dynamic, but not standing balance in persons with incomplete SCI and was safe as performances in the domains of visual and verbal memory were intact following the intervention. 62 In order to maximize the effects of intermittent hypoxia on motor function recovery, nine adults with chronic incomplete SCI were given in a double blind, single cross-over design, randomized manner, either a single-800 mg dose of ibuprofen or placebo 90 min prior to hypoxic conditioning (one single session of 45 min, cycles of 90-s hypoxia (FiO 2 ¼ 9%) interspersed by 60-s normoxia). The authors reported no significant effect of ibuprofen pretreatment, suggesting a strong, independent effect of intermittent hypoxia. 63 As no harmful events have been reported in those promising seminal studies, these results support the development of HC strategies to enhance motor and respiratory function in several neurologic diseases.
Perspectives
Although representing a promising therapeutic option in the field of neuroprotection and neuroplasticity, many issues remain to be considered to confirm the protective or therapeutic effects of HC in clinical practice while remaining safe and harmless for the patients (Figure 1) . First, the optimal pattern and severity of the hypoxic stimulus (i.e. the hypoxic regimen) to induce neuroprotection and recovery remain to be determined. The respective effects of intermittent versus sustained hypoxic sessions should be clarified. 64 While most previous studies defined the level of hypoxia based on the FiO 2 or the simulated altitude levels, optimal SpO 2 should rather be individually targeted since for a given FiO 2 or altitude level, large interindividual differences in SpO 2 and therefore in induced neurophysiological responses could be observed. Differences between normobaric and hypobaric hypoxic exposure might also be considered regarding the effect of hypoxic conditioning. 65 Second, in order to individualize the optimal hypoxic stimulus which might differ between individuals according to age or pathological conditions for instance, physiological biomarkers need to be determined. Heart rate variability has been recently proposed as a sensitive marker of hypoxic conditioning responses. 64 Other biomarkers -either clinical, biological or imaging biomarkers -specific to the CNS responses to HC will need to be determined. Last, the opportunity offered by combined strategies including HC in order to potentiate or extend its effect remained to be explored. While some results suggest that rehabilitative strategies combining HC and physical exercise might be an attractive option, further studies are required to determine the optimal strategy, considering for instance hypoxic exposure and exercise training sequentially or in combination. 66 The relevance of combining pharmacological treatment and hypoxic conditioning need also to be considered, aiming at potentiate tolerance and efficiency of treatments.
A promising field in the use of HC in a combined approach is cellular therapies. Preconditioning stem cells may extend the proliferation, survival and induce differentiation of central nervous system precursors. 67 As suggested for spinal cord injury, 57 combining hypoxic conditioning to transplantation may enhance host-graft integration. The combination of stem cell therapy, an innovative and promising therapy in stroke, 68, 69 and hypoxic conditioning remains to be explored.
